In this review we describe how mouse embryonic mammogenesis depends on a continuous communication between the epithelial and mesenchymal compartment of the mammary rudiment. Although the functions of only a few genes in the regulation of these epitheliomesenchymal interactions during mouse mammary development are known so far, key roles are suggested for WNT, FGF and PTHrP signaling. However, the exact mechanism of action of these signaling pathways and their possible cross-talk in the induction of mammary development are not clear, nor does our current knowledge suffice to explain how the number and positions of the mammary rudiments are so well defined. Nonetheless, by the description of aberrant induction and/or maintenance of the mammary rudiments in a variety of inbred mouse strains and mutants, we have accumulated data demonstrating that the mammary rudiments develop independently of each other at these positions. In addition, each rudiment pair responds differently to altered levels of gene expression. This not only clarifies the unique identity of each placode, but the different molecular requirement of each placode also suggests that different molecular mechanisms may underlie the formation of such identical structures. For future investigations in the field, such a unique molecular identity
Introduction
Mammals are unique as their survival depends on the ability of the mother to feed the young by producing milk from a specialized gland. Mammalia therefore develop mammary glands, to which they owe their name. Given the importance of the mammary gland, it is not surprising that its origin and development was studied even before the turn of the 19th century (Rein, 1882a, b; Klaatsch, 1884; Curtis, 1889; Schultze, 1892 Schultze, , 1893 Schmidt, 1896 Schmidt, , 1897 Bonnet, 1897) . These early studies focused on the onset of mammogenesis in the human embryo. More recently, interest in mammary gland development has increased significantly, with a shift of emphasis toward postnatal events in morphogenesis, differentiation and malignant transformation.
The study of mouse mammogenesis is greatly facilitated by the accessibility of the mammary rudiment for experimentation. Like other skin appendages, such as tooth buds, hair and whisker follicles, each mammary rudiment develops under the influence of sequential reciprocal interactions between its epithelium and adjacent mesenchyme. These tissues can easily be separated and recombined. Such homotypic mammary tissue recombinations will develop quite faithfully when transplanted either onto the chorioallantoic membrane of a chick embryo, or under the kidney capsule or into the mammary fat pad of a female host mouse. By recombining heterotypic or heterochronic tissues, or wild-type with mutant tissue, one can elegantly address fundamental questions in developmental biology. These questions may relate to the role of tissue interactions for the ongoing morphological and functional differentiation of both mammary epithelium and mammary mesenchyme that underlie for example budding and branching morphogenesis. Pioneering work concerning these tissue interactions regulating the progress through the consecutive stages of mammogenesis during embryonic development has been performed by Myers (1917) , Raynaud (1961) , Kratochwil (1986) and Sakakura (1987) . However, the sequence of interactions occurring at each stage has only been partially elucidated.
With the lack of known molecular players mediating these interactions, progress in the field has stagnated for several decades. In contrast to the development of other organs, mammary gland development occurs primarily postnatally, encompassing puberty, pregnancy and lactation, and involution. Consequently, these phases of development have been the most intensively studied (for reviews see Daniel and Silberstein (1987) , Daniel and Smith (1999) , Hennighausen and Robinson (2001) , Medina et al. (2001 Medina et al. ( , 2002 , and Shillingford and Hennighausen (2001) ). With new techniques facilitating the localization or manipulation of gene expression, the study of embryonic mammogenesis has gained renewed interest. This has recently led to the elucidation of the roles of signaling molecules, such as parathyroid hormone related peptide and fibroblast growth factors, in the ontogeny of the mammary gland (Wysolmerski et al., 1998; Foley et al., 2001; Mailleux et al., 2002) .
With this review we aim to bring together work that examines the roles of tissue interactions and of molecules in the induction, maintenance and morphogenesis of the mouse mammary rudiment during embryonic life. We first briefly describe the consecutive stages of mammary development during embryonic life. Then we describe what is known about the cellular behavior and tissue interactions underlying mammary morphogenesis and development. We next discuss the molecular signals involved in the progression through these stages. Finally, we address the unique identity of each pair of mammary rudiments, and discuss the possibility that different molecular mechanisms give rise to the very similar pattern of these structures.
A brief overview of the sequential stages of the mammary rudiment in the mouse embryo
Mammogenesis in the mouse starts at about embryonic day 10.5 (E10.5) with the formation of two mammary lines (also named milk lines). As there exists controversy about whether or not these lines are anatomical structures, we refer to them as presumptive mammary lines. These lines run in an anteroposterior direction ventrally between fore-and hindlimbs, one line along each flank of the embryo. The first formal evidence of mammogenesis appears at around E11.5, when at five reproducibly precise positions (Fig. 1) , presumably along each mammary line, lens-shaped multilayered ectodermal structures can be detected slightly elevated above the surrounding ectoderm. In the course of 1 day, these socalled mammary anlagen or placodes (Fig. 2 ) transform into bulbs of epithelial cells that are morphologically distinct from the surrounding epidermis. At E12 -E13.5 these epithelial buds are visible as elevated knob-like structures, either macroscopically or by scanning electron microscopy.
During the following day, the buds sink into the underlying dermis, and by E14.5 they can no longer be detected externally. While further mammary development is temporarily arrested in females, androgen receptor activation in male embryos causes degeneration of the buds between E13.5 and E15.5. In females, further development is resumed at around E15.5 when each bud elongates to form a sprout or cord, invading the underlying fat pad precursor. Each sprout forms a lumen, which opens on the surface of the skin, where the nipple forms concurrently by epidermal invagination. At about E16, the first ramifications of the sprouts occur, and by E18.5 the sprouts have developed into small, arborized glands (Fig. 2) . Some temporal differences in embryonic mammogenesis may be observed between different mouse strains. After birth, the gland grows isometrically with body E15.5 each bud elongates as a sprout, and the ectodermal cells of At E11.5 each mammary rudiment exists as a placode, a lentiform the epidermis ingress into this sprout, forming a ductular structure ectodermal thickening that is visible as a slight elevation above the called the mammary sprout. The fat pad precursor becomes less surrounding ectoderm (ec). At E12.5 each placode has trans-dense and is also in contact with the distal part of the sprout. At formed into a bulb of epithelial cells that is morphologically dis-E16.5 this sprout forms a lumen (not depicted) and opens up at tinct from the surrounding ectoderm. Each bud with its contiguous the skin, where the nipple sheath (ns) forms by epidermal invamesenchyme is elevated above the ectoderm as a knob or dome. At gination. At E18.5, 1 day before birth, the sprout has developed E13.5 the buds have sunk into the underlying dermal mesenchyme into a small arborized gland invading the fat pad. Abbreviations: (dm) . A few layers of mesenchymal cells directly adjacent to the ec, ectoderm; dm, dermal mesenchyme; mm, mammary mesenbud condense and are referred to as the mammary mesenchyme chyme; fpp, fat pad precursor; ns, nipple sheath. Adapted from (mm). At E14.5 the deeper mesenchyme under the mammary bud Sakakura (1987) and Robinson et al. (1999) . differentiates into the dense fat pad precursor (fpp). At around growth until puberty, when hormonal influences induce a differential growth spurt in the mammary gland.
Tissue interactions in mouse embryonic mammary morphogenesis
From mammary line to placode A major and elusive issue to resolve in mouse embryonic mammary biology concerns the mechanism underlying the induction and positioning of the mammary placodes. In embryos of other species such as rat, human and rabbit (Myers, 1917; Raynaud, 1961; Propper, 1976) , a mammary line can be detected as an elevated ectodermal ridge ventrally between the fore-and hindlimb at both flanks (Fig. 3A, B) . This ridge undergoes gradual fragmentation in an anterior to posterior direction, and then disappears except at the places where the streak-like segments subsequently change into round buds ( Fig. 3C) (Propper, 1976; Robinson et al., 1999) . Interestingly, the most anterior bud in rabbit seems not to be formed from this ridge (Propper, 1976) .
Because in mouse embryos no elevated ectodermal ridge can be observed (Fig. 3D) , the existence of a mammary line in mouse embryos has been debated. Turner and Gomez (1933) first described the mammary lines (or streaks) in the E10.5 -E11.5 mouse embryo. Each line consists of a single layer of enlarged epidermal cells, which are slightly elevated above the surrounding ectoderm, as seen in histological sections (Sakakura, 1987) . Raynaud (1961) found that the thoracic mammary buds, the absence of the ectodermal ridge in the mouse embryo, in con-(reproduction from Propper (1978) , with permission from Aca-trast to the ridge seen in the rabbit in (A). E Scanning electron demic Press). B High magnification of the box shown in (A). Note micrograph of an E11.5 mouse embryo showing mammary placode that the ridge itself (black arrow) appears clearly elevated above 3 slightly elevated above the surface of the epidermis. F Scanning the surrounding ectoderm. C Lateral view of an E14 rabbit embryo electron micrograph of the flank of an E12.5 mouse embryo showshowing the gradual segmentation of the ridge in the anterior to ing five mammary buds, elevated as domes above the surrounding posterior direction (courtesy of Dr. A. Propper). Note that buds 2 ectoderm. Abbreviations: fl, forelimb; hl, hindlimb; P, placode; B, (white arrow) and 3 (black arrow) are well individualized, while bud. Scale bar in (C) represents in (A) 450 mm; (B), 150 mm; (C), the region that gives rise to buds 4 (B4) and 5 (B5) (between the 800 mm; (D), 300 mm; (E), 335 mm; (F), 400 mm.
but not the inguinal buds of an E12 mouse embryo, are joined by a thickened line of epithelium that could be considered a thoracic mammary ridge or crest. Others doubted the relevance of the so-called mammary lines for placode induction, and favored the concept of the lines being related to the induction of the muscles (Spuler, 1930; Graumann, 1950; Hughes, 1950; Dabelow, 1957) . Because of the controversy about the existence of the mammary line in the mouse, it has long been considered a theoretical concept rather than a proven anatomical fact, where one could draw a slightly curved line through the placode positions (Balinsky, 1949 -50; Robinson et al., 1999; . However, as mouse embryos develop relatively rapid, the mammary line may be only a very transient structure and may thus be easily overlooked.
New support for the existence of a mammary line was recently obtained in Wysolmerski's group with mouse embryos carrying the TOP-GAL transgene (b-galactosidase preceded by LEF/TCF binding sites and a minimal c-fos promoter, functioning as a reporter for WNT signaling) (DasGupta and Fuchs, 1999) . In E10.5 embryos of this strain, a thin line of b-galactosidase positive (blue) cells can be distinguished between fore-and hindlimb. Interestingly, at E11.5 a thin line of dispersed blue cells still connects bud 2 with 3, and 4 with 5 respectively, while bud 1 seems to be a separate structure (J. Wysolmerski, personal communication, April 2002) . At E12.5 blue cells coalesce at and around the mammary bud regions. The separation of bud 1 from the other buds at E10.5 -E11.5 suggests that bud 1 may be unrelated to the mammary line. Remarkably, this resembles the apparent lack of connection of bud 1 to the mammary ridge in the rabbit embryo (Propper, 1976) , and in both species, this may suggest a differential mode of induction for placode 1.
It remains to be tested whether the blue cells of the initial line are the same enlarged cells seen earlier by Turner and Gomez (1933) , and whether these cells or their descendants contribute to the formation of the mammary placodes. Nonetheless, these data strongly suggest that in the E10.5 mouse embryo, the mammary region is, indeed, defined as a line, which subsequently fragments to give rise to the individual placodes. Interestingly, the position of this line seems to co-localize with the boundary between the dorsal and the ventral dermis, which, in the chick, originate from the dermamyotome and somatopleure, respectively (Sengel, 1976) . It is therefore tempting to speculate that with analogous origins of those two types of dermis in the mouse, the boundary between these two neighboring tissues provides the context for mammary placode formation.
By electron microscopy, we have observed that in mouse embryos slightly older than E11.5, the individual mammary placodes appear as elevated domes (Fig. 3E,  F) (Mailleux et al., 2002) rather than as residual peaks following subsidence of a skin ''escarpment'' as seen in rabbit by Propper (1976) . In addition, the placodes temporally appear in the order of pair 3, then 4, followed by 5 and 1, and finally pair 2 (Mailleux et al., 2002) . This order of appearance is dissimilar from the process in the rabbit, where an anterior to posterior fragmentation of the mammary ridge occurs with a corresponding sequential appearance of the buds. Our data and those obtained with the mice expressing TOPGAL (Wysolmerski et al., personal communication, April 2002) suggest that in mouse, the presumptive mammary line rapidly breaks up between the future placodes 3 and 4, into a thoracic and an inguinal fragment. Between E11.5 and E12, at precise positions along these fragments, the ectoderm gives rise to mammary placode formation in a spatio-temporal order progressing from the breakpoint towards the limbs, while placode 1 seems to develop independently of the mammary line.
Does the ectodermal origin of the mammary placodes imply that the information for placode formation is intrinsic to the epithelium of the mammary region? As reviewed previously (Sakakura, 1987) , explant cultures of the separated epithelium from the mammary region do not yield discernable mammary buds, suggesting that the mesenchyme may at least have a permissive function for the induction of mammogenesis. In support of this concept, heterotopic tissue recombinations of the mesenchyme from the rabbit mammary region with the epithelium of e.g. head/neck region or the back of a rabbit embryo, but not the reciprocal combination, yields mammary buds in the epithelium, which can further develop into arborized glands (Propper and Gomot, 1967) . Similarly, mesenchyme from the mammary region of an E13 mouse embryo induces functional mammary epithelium in rat midventral or dorsal epidermis (Cunha and Hom, 1996) . We have recently obtained data suggesting that the same result can be achieved using mesenchyme from the mammary region of an E11.5 mouse embryo, recombined with the dorsal epithelium from an E12.5 mouse embryo (J. Veltmaat and D. Dhouailly, preliminary results). Thus the mesenchyme is not only permissive, but also instructive for mammary placode formation, and placode formation is not an intrinsic property of the epithelium of the mammary region. Furthermore, the mesenchyme retains its inductive capacity for placode formation beyond the actual stage of placode induction.
This brings us to the related question of by what cellular mechanism the individual mammary placodes arise? Balinsky found a lower mitotic index in the mammary region than in the adjacent ectoderm in both rabbit and mouse (Balinsky, 1949 -50) . He therefore rejected the hypothesis of locally enhanced proliferation underlying the formation of the mammary line or placodes. He suggested, alternatively, that the mesenchyme could mediate the displacement of the overlying ectoderm to distinct places, where it contributes to the formation of the ridge (rabbit) and placodes (mouse), respectively. Indeed, as described above, the information for placode formation emanates from the mesenchyme, yet its identity and mechanism of action are still unknown.
By electron microscopy, Propper observed flat amoeboid cells on top of the cuboidal epithelial cells of the mammary ridge in the rabbit embryo. He suggested that these were motile cells, which contribute to placode formation by means of migration. This inference was supported by his observation of the accumulation of charcoal particles in the forming buds, within 48 h after their deposition on flanks of E13 rabbit embryos in culture (Propper, 1976 , 1978 , and personal communication, in July 2001 . We have recently shown that in E11.5 mouse embryos, expression of the transcription factor Lef1 (lymphoid enhancer-binding factor-1, an early marker for mammary epithelium) (van Genderen et al., 1994 ), first appears as a short faint line at the position of each mammary rudiment (Fig. 4A , B, E, F). Within the next 6 h the expression gradually changes to a dot-shaped area of expression (Fig. 4D) , via a comet-shaped intermediate ( Fig. 4C) (Mailleux et al., 2002) . The initial expression profile and its rapid change in shape strongly suggest that ectodermal cells migrate along the presumptive mammary line to distinct places where they form the mammary placodes. This notion is supported by the change in the in vivo expression profile of the TOP-GAL construct in the mammary region between E10.5 and E12.5 as mentioned above (J. Wysolmerski, unpublished) . However, we cannot exclude that the change in both expression profiles is only an indication that the cells between future placode positions do not continue their development as mammary epithelium, and instead assume a skin fate.
The ultimate proof for the possible involvement of migration in placode formation should come from tracking the cells expressing TOP-GAL of the mammary line at E10.5 during the following 24 -48 h of development. The mice expressing TOP-GAL also provide a tool to study the most intriguing enigma of what defines the positions to which these cells are so reproducibly and precisely recruited, and what mediates their recruitment to these positions.
From placode to bud
Under the continuing influence of the interaction with the contiguous mesenchyme, the mammary rudiments change shape from lentiform elevations to more pronounced knob-shaped outward projections. Within these emerging knobs, the epithelial placodes transform into bulb-shaped buds that invaginate into the underlying dermal mesenchyme (Fig. 2) . The cells in the bud are larger than the epidermal cells and are arranged concentrically at the periphery, while the inner cells are small and of irregular shape. At E13, the mesenchyme directly adjacent to the bud condenses and can be discriminated as two or three dense layers of fibroblasts, referred to as the mammary mesenchyme ( Fig. 2) (Kratochwil, 1969) . This mammary mesenchyme is separated from the epithelial bud by a basal lamina containing laminin and heparan sulfate proteoglycans, which is contiguous with the epidermis (Kimata et al., 1985) . The condensed appearance and expression of several molecules including fibronectin, tenascin-C and the androgen receptor (see also Fig. 7 and the section about molecular regulation), distinguish the mammary mesen-chyme from the surrounding dermis and the underlying mesenchyme (Durnberger and Kratochwil, 1980; Chiquet-Ehrismann et al., 1986; Inaguma et al., 1988) .
Similar epithelio-mesenchymal interactions governing epithelial morphogenesis underlie bud formation of other skin appendages such as the tooth bud (reviewed in Thesleff et al., 1995) and of the embryonic salivary gland (reviewed in Hieda and Nakanishi, 1997) . Nonetheless, it appears that the mesenchyme around these buds is already specialized in its capacity to induce organ-specific morphogenesis, as heterotypic recombinations of E14 mammary bud epithelium with for example E13 salivary gland mesenchyme generate a gland with salivary gland morphology (Kratochwil, 1969; and reviewed in Sakakura, 1987) . Interestingly, when a recombination of mammary epithelium with salivary mesenchyme of an E17 mouse embryo is transplanted into the mammary fat pad of a host female, the transplanted salivary-like gland produces milk proteins when the host female becomes pregnant. This indicates that the mam- 4 showing the ment in the mouse embryo. At E13.5 there is no difference between ingression. The white arrows indicate cells with an elongated morthe mammary buds in male and female embryos. By then, the mes-phology, suggesting migration of ectodermal cells into the sprout. enchyme around the proximal part of the bud starts to condensate. G Scanning electron micrograph of a flank of an E14.5 male In the male embryo only, under the influence of testosterone, this C57BL/6 mouse embryo showing that the inguinal bud 5 (black eventually results in a disconnection of the distal part of the bud arrow) does not subside into the dermal mesenchyme, in contrast from the overlying ectoderm between E14.5 and E15.5. B Scanning to the thoracic buds. H High magnification of bud 5 in (G). I electron micrograph of a flank of an E14.5 female mouse embryo Scanning electron micrograph of a flank of an E15.5 male mouse showing that the buds are not detectable externally. For some showing mammary bud 5 at the surface. J High magnification of mouse strains, this is similar for male embryos in the thoracic rebud 5 in (I) (white arrow). Note that the bud is larger than at gion only. C High magnification of (B) showing that only hair fol-E14.5, and that the surface of the bud is smooth. mary epithelium becomes committed at an early stage, and more importantly, that epithelial morphogenesis and functional differentiation are separate events (Sakakura et al., 1976 (Sakakura et al., , 1979 . Despite the importance of mammary mesenchyme for early events in bud development (Kratochwil, 1969) , the mechanisms underlying its condensation and differentiation are only partially understood. Moreover, their respective roles in bud development remains to be determined, although some insight has been gained from the study of gene function, as described below.
Sexual dimorphism of mammary development in the mouse embryo At about E12.5 the mammary buds enter a so-called resting phase. This phase starts with an absence of DNA synthesis during 24 h, which has also been observed in other skin appendages such as the tooth buds and whis-ker follicles K. Kratochwil, personal communication) . The development of the mammary rudiments in mouse embryos occurs independently of the sex of the embryo until about E13.5 (Fig. 5A) . By then, buds 3 and 1 have subsided into the underlying dermis. In the female embryo, the other buds then follow, so that by E14.5 -E15 none of the buds of female embryos can be detected at the surface by scanning electron microscopy (Fig. 5B, C) (Mailleux et al., 2002) . Meanwhile, DNA synthesis resumes, but the buds in females do not expand until E15.5. Instead, the buds narrow down in the proximal region as a consequence of a slight local condensation of the mammary mesenchyme.
At E13.5, about 1 day after sex-specific differentiation of the gonads, the mammary mesenchyme around the buds of male mouse embryo starts to condensate, in particular at the proximal part of the buds. This leads to smaller, irregularly shaped buds, which eventually become disconnected from the overlying epidermis. This has been attributed to a sensitivity of the mammary mesenchyme for testosterone (Kratochwil, 1977) , which is bound by androgen receptors present in the mammary mesenchyme (Heuberger et al., 1982; ) (see also ''regulation by sex hormones'' below). In line with this notion, the mesenchymal condensation and destruction of the epithelium does not occur in male Tfm embryos (testicular feminization syndrome, caused by a lack of androgen receptor expression), which consequently fully develop mammary glands and nipples, as if they were females. Convincing evidence came from the lack of mesenchymal condensation and epithelial destruction in recombinations of Tfm mammary mesenchyme with wild-type epithelium, explanted and cultured in the presence of testosterone (Kratochwil and Schwartz, 1976) . The disconnected distal mammary epithelium in wild-type male embryos may completely disappear, or may persist as a blind duct with or without further, albeit poor growth, depending on the genetic background of the mouse. The testosterone-mediated destruction of mammary buds in males is specific for mouse embryonic development, whereas in other species sex-specific differentiation may occur later during development, but is not related to androgen receptor activation.
While the thoracic buds of E14.5 male embryos of the C57BL/6J strain are undetectable by scanning electron microscopy, buds 4 and 5 or only buds 5 remain elevated above the epidermis (Fig. 5G, H) until at least E15.5. They continue to grow as smooth outward projections (Fig. 5I, J ) (A. de Maximy and S. Bellusci, unpublished results, data on buds 1 are inconclusive) and remain detectable in histological skin preparations of E18.5 embryos (J. Veltmaat, unpublished observations). In male embryos from Balb/c ¿ C3H crosses, only buds 5 are outwardly projected (K. Kratochwil, personal communication) . The cause and progress of this differential development of these buds remain to be studied.
Formation and ramification of the mammary sprout
The mesenchyme underlying the mammary mesenchyme condenses at E14 and can be recognized as the fat pad precursor (Sakakura et al., 1982) . The origin of this tissue is unclear, but as it is a mixed population of adipocytes, vasculature and nerve cells, the possible source may be general or specialized fibroblasts, the reticuloendothelial cells, or neuroectodermal cells, as reviewed by Sakakura (1987 Sakakura ( , 1991 . Also the mechanism underlying the condensation of this tissue is unclear. However, it occurs at the time when the bud approaches the fat pad precursor, and when the mammary mesenchyme accumulates around the proximal part of the bud. It is therefore conceivable that these events are also regulated by reciprocal tissue interactions.
At E15 -E16, the fat pad precursor tissue becomes less compact, forming lobular structures associated with a capillary network within the loose connective tissue, and producing fatty substances. The islets of preadipocytes increase in size and fuse with each other as fat cell differentiation continues, giving rise to the typical white fat tissue in the first 2 or 3 days after birth (Sakakura, 1987 (Sakakura, , 1991 . In females, concomitant with the onset of fat cell differentiation during the 16 th day of embryogenesis, the bud cells undergo rapid proliferation leading to bud elongation. The distal end of the resulting primary sprout (or cord) breaks through the mammary mesenchyme and penetrates the underlying fat pad precursor. At the proximal end, the epidermal cells ingress into the primary sprout. The sprout is outwardly discernable as a more or less funnel-shaped indentation (Fig. 5D , E, F), partly filled with cornified cells (Sakakura, 1987) . The elongated polarized appearance of some cells near the mouth of the funnel suggests that these cells are migrating into the indentation, a possibility that remains to be tested. At the proximal part in the sprout, several intercellular cavities are formed, which coalesce to form the primary milk duct with an opening to the outside. To our knowledge the process by which the lumen is formed has not been described, but it may be the result of delamination of the central cells, or of apoptosis, as this latter process occurs in the terminal end bud during postnatal development of the gland (Humphreys et al., 1996) .
During sprout elongation, the distal ends undergo repeated rounds of ramification, giving rise to a small ductal tree with 10 -20 branches before birth. The first bifurcation can be observed as early as at E16 and during further bifurcation, the secondary and tertiary sprouts canalize and form cavities. The cavities fuse and connect to the primary or main milk duct (Sakakura, 1987) . As demonstrated by Sakakura and coworkers, the mammary epithelium needs the fat pad precursor tissue to elongate and undergo branching morphogenesis: If E17 mammary epithelium is recombined with E14 mammary mesenchyme and grafted under the kidney capsule of a host mouse, it undergoes branching morphogenesis, but the branches are short and hyperplastic. If instead of the mammary mesenchyme, the mammary fat pad precursor is used, branching and elongation of the branches are normal. Various heterotypic combinations of mammary epithelium with fat pad tissue from other organs did not result in the typical mammary gland branching pattern (Sakakura et al., 1982; Sakakura, 1987) . On this basis, Sakakura suggested that the signal inducing typical mammary gland morphogenesis may be a growth factor-like substance produced by the fat pad precursor tissue. In this respect, it is worth noting that a fat pad, which is cleared from its own mammary epithelium, supports the regeneration of an entire gland from only a few transplanted mammary epithelial cells.
The possible involvement of growth factor-like substances produced by the fat pad precursor in mammary gland morphogenesis will be addressed in the section about molecular regulation of mammogenesis. Nonetheless, there have to be other players involved, since at birth the glands differ in size (Fig. 6) . Interestingly, at birth, the size of the rudiment that is induced last (no.
2) is about the same as that of the first induced rudiment (no. 3), and these rudiments are the farthest developed glands. This may be related to their relatively close position to the thoracic mammary artery, compared with the position of glands 1, 4 and 5. However, no functional data for this hypothesis are available.
Nipple formation
The first histological evidence of nipple formation appears a few days before birth as the nipple sheath, a circular ingrowth of the epidermis around the origin of the sprout. At E18, the epidermis at the bottom of this epidermal ingrowth is lifted, making a rounded elevated portion, which is the ''anlage'' of the nipple. In histological sections, the nipple region can be recognized as an umbrella-like inward projection of the epidermis, forming a ridge surrounding the sprout. Nipple formation occurs in female embryos only, and this has been attributed to the absence of testosterone action, since in male embryos with irradiated testes nipple sheaths form as in female embryos (Raynaud, 1961; reviewed in Sakakura, 1987 ; see also the section on molecular regulation below). It has long been assumed that the absence of nipples was a consequence of the disconnection of the epithelial buds from the overlying epidermis. However, as described in more detail below in the section on molecular regulation of mammary development, nipple skin differentiation of the epidermis is induced by the mammary mesenchyme (Foley et al., 2001) . As the mammary mesenchyme in males undergoes apoptosis in response to testosterone (K. Kratochwil, personal communication), it can no longer induce nipple skin differentiation of the overlying epidermis. Fig. 6 Differential size of each mammary gland at E18.5. By E18.5 the mammary sprouts have undergone one or several rounds of ramification, giving rise to a small arborized glands. However, the patterns of ramification are different for each rudiment and for the left and the right rudiment of each pair. In general, rudiments 2 and 3, the last and first to be induced at placode stage, respectively, have the largest trees, while rudiments 5 are least developed. Small black and white arrows indicate the distal ends of new sprouts in MG4 and MG5. Abbreviation: hf, hair follicle. Scale bar: 170 mm.
The molecular basis of mammogenesis
Despite our growing understanding of molecular mechanisms underlying the induction and development of many organs, our current knowledge of the genetic basis for mammary formation is very fragmentary, and many basic questions have not even been addressed. The num-ber of genes that are known to be expressed during embryonic mammary gland development is surprisingly small (see Fig. 7 for their temporospatial expression). Of these, we know the function of only a few, and these functions are mostly involved in bud maintenance or development. Below we will only discuss those molecules of which the function is known or suspected. Figure 7 shows in addition the genes of which we know only the (possibly only partial) temporospatial expression during embryonic mammogenesis, but not the function in this process.
Again the question of the molecular mechanism underlying the induction of the mammary line and placodes arises. Circumstantial evidence points to a role for WNT signaling in the onset of mammogenesis. As mentioned before, in mice carrying the TOP-GAL reporter for WNT signaling (DasGupta and Fuchs, 1999) , blue cells can be detected in an arc between fore-and hindlimb at E10.5. During the next 2 days, the blue staining becomes progressively confined to the mammary placodes (J. Wysolmerski, personal communication, April 2002) . As the blue arc seen in E10.5 embryos co-localizes with the presumptive mammary line, the TOP-GAL expression strongly suggests that WNT signaling is a key player in the induction. Support for this assumption stems from a whole mount in situ hybridization study Genes known to be expressed in the mouse embryonic mammary rudiment. The expression is known for some genes only, and may only be assessed partially in embryonic development. For those genes of which the function has been elucidated we refer to the main text. Tac (tachykinins): (Weil et al., 1995) ; PdgfA and Pdgrf (platelet-derived growth factor A and its receptor): (Orr-Urtreger and Lonai, 1992); Dlx3 (Distal-less homeobox 3): (Morasso et al., 1995) ; FN (fibronectin): (Sakakura, 1987) ; TNC (tenascin-C): (Chiquet-Ehrismann et al., 1986) ; SDC (syndecan), HSPG (heparan sulfate proteoglycans, and Lmx1b (LIM homeobox transcription Factor 1 beta): reviewed in ; Mmtv (mouse mammary tumor virus): M. Glukhova, personal communication. For references to other expression data, see main text. Adapted from Daniel and Smith (1999). for Wnt10b/12. Expression of this gene is found in a faint line between the fore-and hindlimb of an E11.5 mouse embryo (Christiansen et al., 1995) . The Wnt10b/ 12 line appears relatively late compared with TOP-GAL activity, leaving the possibility open that another Wnt gene may act upstream. During the following day, the region of expression of Wnt10b/12 is reduced from a line to a dot at 5 distinct places along the mammary line, representing the mammary placodes. In addition, Lef1, encoding a transcription factor implied in WNT signaling (Oosterwegel et al., 1993) is expressed from E11.5 onwards in the epithelium, and expands to the mammary mesenchyme at about E15 (van Genderen et al., 1994; Foley et al., 2001; Mailleux et al., 2002) . Finally, conductin/axin2, a modulator of WNT signaling that is expressed upon activation of the canonical WNT pathway (Yan et al., 2001; Jho et al., 2002; Leung et al., 2002; Lustig et al., 2002 ), also appears in the mammary epithelium at E11.5 (A. de Maximy and S. Bellusci, unpublished) .
The TOP-GAL expression and simultaneous expression of three members of the WNT signaling cascade make it tempting to speculate that ectodermal cells along the presumptive mammary line are recruited to the mammary placodes by WNT signaling. However, Lef1 -/ -embryos do form mammary placodes, albeit with a very poor morphology. The rudiments arrest in bud stage and disappear with some variability in timing (van Genderen et al., 1994; K. Kratochwil, personal communication, May 2002) . Thus, WNT signaling through LEF1 may not be required for placode induction but for completion of cell fate determination and/ or maintenance. However, we cannot exclude that one of the TCFs (T-cell factors), the homologues of LEF1, may exert a redundant function in Lef1 -/ -embryos during placode induction. It was recently reported that E14.5 mice carrying a K14-Dkk1 transgene (Dickkopf-1, an inhibitor of WNT signaling, under the control of the epithelial-specific promoter of Keratin14) have no mammary buds (Andl et al., 2002) . This provides another indication that WNT signaling is crucial for early events in mammogenesis. Mammary rudiment formation at earlier developmental stages of these mice is under study (S. Millar, personal communication, May 2002) and could provide more insight into the role of WNT signaling in the induction of mammogenesis.
The precocious or concomitant involvement of fibroblast growth factor (FGF) signaling is very likely, given the expression of the FGF receptor 2-IIIb (FGFR2b) in the mammary placode at E11 -E12 (Spencer-Dene et al., 2001; Mailleux et al., 2002) . A homozygous null mutation for this receptor or its main ligand, FGF10, in the mouse results in a lack of induction of four placodes (Mailleux et al., 2002) , underlining the importance of signaling via these molecules for the onset of mammogenesis. Remarkably, Fgf10 itself is not expressed in the mammary region until E15.5, when it appears in the fat pad precursors. Its expression at E10.5 in the dermamyotome, however, leads us to hypothesize that this expression is instructive for the definition of the mammary region, possibly by specifying the boundary between the dorsal and ventral dermis, which would be a prerequisite for placode formation. The striking similarity of mammary phenotypes between null mutants for Fgf10 and Fgfr2b, and the expression of Fgfr2b in the epithelium, may suggest that the dermamyotomal FGF10 acts indirectly via the induction of another ligand for the FGFR2b in the dermal mesenchyme in the mammary region. An alternative possibility is that dermamyotomal FGF10 diffuses through the dermal mesenchyme and acts directly by exerting a chemoattractive function as in lung morphogenesis (Bellusci et al., 1997; Park et al., 1998; Weaver et al., 2000) . FGF10 from the dermamyotome could recruit ectodermal cells to the mammary line or mammary placodes. Although we consider the latter hypothesis less likely given the relatively large distance between dermamyotome and ectoderm, both hypotheses remain to be tested.
The expression of Fgf1, Fgf3 and Fgf7 genes encoding some other ligands for FGFR2b has been assessed. Only Fgf7 is expressed early in the mesenchyme before it condenses as mammary mesenchyme (Cunha and Hom, 1996; Mailleux et al., 2002) and may activate the receptor in the bud. However, no mammary phenotype has been reported for mice with a homozygous deletion of Fgf7 (Guo et al., 1996) or Fgf3 (Mansour et al., 1993; Mansour, 1994) , leaving the function of FGF7 obscure. As activation of the FGFR2b is necessary for induction and maintenance of the placodes (Mailleux et al., 2002) another FGF, possibly FGF10, may act redundantly in Fgf7 -/ -embryos during these phases.
In addition to WNT and FGF signaling, hedgehog (HH) signaling may be involved in placode formation or in the differentiation of placode cells. This inference is based on the expression of the hedgehog receptor patched-1 (Ptc1) and some mammalian orthologues of downstream mediators of HH signaling in Drosophila. Irx2 (Iroquois related homeobox 2) (Daniel and Smith, 1999) and also Gli2 and Gli3 (orthologues of cubitus interruptus) are expressed at E11.5 or E12.5, while Gli1 is detectable only later, at E13.5 (J. Veltmaat and B. Spencer-Dene, unpublished results). However, Ptc1 null mutants die before the onset of mammogenesis, and only postnatal mammary defects have been reported for Ptc1 π / -and Gli2 -/ -mice (Lewis et al., 1999 (Lewis et al., , 2001 , leaving the role of HH signaling obscure. In addition, we were unable to detect sonic (shh), indian (ihh), and desert (dhh) hedgehog expression in the mammary region in wild-type embryos at the stages of mammary placode induction and bud formation.
Besides Irx2, other genes encoding homeobox-containing transcription factors are expressed during bud stage, such as Lmx1b, Msx1, Msx2 and Hox-a9, Hoxb9 and Hox-d9 (Phippard et al., 1996; Chen and Capecchi, 1999; Robinson et al., 1999) . Only postnatal mammary defects have been reported for compound deletion of the Hox9 cluster (Chen and Capecchi, 1999) . Ablation of Msx1 does not lead to an embryonic mammary defect (Phippard et al., 1996) . In contrast, the Msx2 -/ -embryonic mammary gland arrests at the sprout stage, equivalent to E16.5 (Satokata et al., 2000) . Whether the arrest of mammary gland formation at E16.5 in Msx2 -/ -mice is due to an incompetence of the epithelium, fat pad precursor, or both remains to be tested. However, the arrest of mammary development at E16.5 suggests that Msx2 expressed in the mesenchyme of wild-type embryos at that stage promotes branching morphogenesis (Satokata et al., 2000) .
During induction and bud morphogenesis, Msx1 and Msx2 are both expressed in the mammary bud epithelium of wild-type embryos, and their products have redundant functions in these processes, as an early defect is only observed when both genes are deleted. Such double knockouts do not show bud invagination at E12.5 in both males and females, and rudiments have regressed by E15.5 (Satokata et al., 2000) . The lack of bud invagination and mammary mesenchyme induction in these double knockouts strongly suggest that MSX activity in the epithelium generates an instructive signal to the adjacent mesenchyme to become the condensed, Lef1-positive mammary mesenchyme. Msx2 is additionally expressed in the fat pad precursor, and during later stages, Msx1 is downregulated in the epithelium (Phippard et al., 1996; Satokata et al., 2000) .
During tooth development, expression of the genes encoding bone morphogenetic proteins BMP2 and BMP4 has been shown to be coordinately regulated with Msx1 and Msx2 expression. This seems to be also the case in embryonic mammary gland development, as Bmp2 has been found in the epithelial bud, and Bmp4 in the mammary mesenchyme at E13.5 (Phippard et al., 1996) . Both Bmp2 and Bmp4 homozygous null mutants die before the onset of mammogenesis, leaving the function of these genes in mammogenesis unclear.
The T-box transcription factors Tbx2 and Tbx3 are expressed in the early mammary rudiment. Although their functions have not been studied, it is interesting to note that TBX3 mutations in human lead to severe mammary hypoplasia, or sometimes a complete lack of mammary glands (Chapman et al., 1996; Papaioannou and Silver, 1998) .
Parathyroid hormone related peptide (Pthrp) is expressed in the bud epithelium from E11.5 through E18. The gene for the classical receptor of PTHrP, Pth(rp)r1, is expressed ubiquitously throughout the dermis, including the mammary mesenchyme at E12 -E13, but is later confined to the fat pad precursor . Mammary development of Pthrp -/ -and Pth(rp)r1 -/ -mutants is arrested at about E15, with a failure of sprout elongation (Wysolmerski et al., 1998) . Instead, the pri-mary duct undergoes epidermal differentiation (Foley et al., 2001) . In homozygous mutants, the mammary mesenchyme can be morphologically distinguished around the bud. However, it fails to express TNC (tenascin-C) (Chiquet-Ehrismann et al., 1986) and AR (androgen receptor) (Heuberger et al., 1982) , as well as LEF1 and b-catenin, all markers for the differentiation of the mammary mesenchyme Foley et al., 2001) . Male homozygous mutant embryos resemble Tfm male embryos in their failure to express androgen receptors in the mammary mesenchyme. As a consequence, the proximal mammary mesenchyme fails to condensate, the bud is not disconnected from the epidermis, and the mammary rudiments develop as in wild-type female embryos ; see also ''regulation by sex hormones'' below).
Targeted reintroduction of Pthrp under the control of the keratin 14 promoter (K14-Pthrp) in Pthrp -/ -embryos leads to a restoration of mammary mesenchyme gene expression, to the sexual dimorphism in mammary development, and to almost normal sprout elongation (Wysolmerski et al., 1998; . Thus, PTH(rP)R1 activation in the mesenchyme by PTHrP from the bud may contribute to the functional differentiation of mammary mesenchyme before E15, as seen by expression of TNC, AR, and LEF-1 as well as patchy expression of its transcriptional co-factor b-catenin in the mammary mesenchyme, mainly around the neck of the bud (Foley et al., 2001) . The data strongly suggest that the differentiation of the mesenchyme is required for the maintenance of the mammary fate of the bud cells, and to prevent their resorption in the differentiating epidermis (Wysolmerski et al., 1998; Foley et al., 2001) . The elongation defect seen in female Pthrp or Pth(rp)r1 knockouts is probably not due to a lack of AR or TNC expression, as females normally do not activate the androgen receptor, and moreover both Tnc -/ -mice and Tfm mice have normally elongated sprouts (Kratochwil and Schwartz, 1976; Saga et al., 1992) . However, it may well be possible that LEF1 and b-catenin are of crucial importance for the function of the mesenchyme, as mammary development in Lef1 -/ -embryos arrests at the moment where expression shifts from epithelium to mesenchyme (van Genderen et al., 1994; Foley et al., 2001) . Additionally, the b-catenin expressed in the mammary mesenchyme is in the dephosphorylated, thus active state at E16 (van Noort et al., 2002) .
In addition, Pthrp and Pth(rp)r1 homozygous nulls form no nipples, and this defect cannot be rescued by expression of K14-Pthrp. In contrast, overexpression of K14-Pthrp in wild-type mouse leads to a nipple-like differentiation of the ventral epidermis, with the characteristic smooth muscle beds at the base of the nipple, extending along the lactiferous duct. This was ascribed to the ectopic differentiation of the ventral dermis into mammary mesenchyme, which in turn instructs the overlying epidermis to become nipple skin (Wysolmerski et al., 1998; Foley et al., 2001) .
As mentioned before, Sakakura suggested that the typical mammary branching pattern may be instructed by growth factor-like substances in the fat pad precursor (Sakakura, 1987) . In line with such a hypothesis, knockouts of either Pthrp, Pth(rp)r1 or Fgf10, which all have an underdeveloped fat pad precursor, display poor sprout elongation and branching (Wysolmerski et al., 1998; Mailleux et al., 2002) . Whether PTHrP/PTH(rP)-RI signaling in the mammary fat pad contributes to elongation and ramification of the gland has not been fully determined. In contrast, Fgf10 expression in the fat pad is important for elongation and branching, as transplantation of a Fgf10 -/ -mammary bud into a wild-type fat pad leads to normal sprout development. Recently, FGF10 has been shown to be required for the differentiation of fibroblasts into adipocytes (Sakaue et al., 2002) . Thus, because the mammary fat pad is required for normal sprout elongation and branching (Sakakura et al., 1982; Sakakura, 1987) , FGF10 may regulate these processes via adipocyte differentiation. However, it is not known what determines branch diameter and length, or the pattern of branching.
Regulation by sex hormones
The adult female mammary gland is the target for many hormones produced by the pituitary, adrenal glands and ovaries. The mammary gland epithelium responds to these hormones by proliferation and/or differentiation. Explant studies of the embryonic mammary glands have demonstrated that these glands can develop normally in the absence of (maternal) sex hormones (Kratochwil, 1971) . No embryonic mammary phenotype has been reported for mice with an ablation of either Esr1, Esr2 (the a and b isoforms of the estrogen receptor, respectively) or both isoforms (Korach, 1994; Bocchinfuso et al., 2000; Dupont et al., 2000) , nor for the ablation of Pgr (progesterone receptor) (Lydon et al., 1995) . However, when mammary glands of E17 rat embryos are cultured in the presence of various of those hormones, the epithelium responds by producing milk proteins as if it were epithelium of adult glands (Ceriani, 1970a, b) . This indicates that in the rat, the epithelium is already committed as mammary epithelium during embryonic growth. The presence of both isoforms of the estrogen receptor in the mammary mesenchyme of mouse embryos between E12.5 and E14.5 (older embryos not studied) (Lemmen et al., 1999) may suggest that a similar commitment occurs early in the mouse. These receptors are functional, as estradiol concentrations below 1 nM are sufficient to block outgrowth of the mammary bud in vitro. When high doses of estrogen are administered to pregnant mice, the embryos show defective sprout elongation and nipple malformation (reviewed in Robinson et al., 1999) . However, normally, endogenous estrogen of the mother is efficiently captured by a-fetoprotein produced by the visceral yolk sac endoderm and liver of the embryo (Dziadek and Adamson, 1978; Baker, 1989) and cannot reach the embryo. Thus, whether estrogen and progesterone play a role in commitment and morphogenesis of the mammary epithelium remains to be determined.
In contrast to the lack of hormonal requirement for development of the female embryonic mammary gland, the male phenotype of mammary gland requires hormonal action between E13 and E15. During this period, the mesenchyme expresses the androgen receptor while testosterone is produced by the testes (Kratochwil, 1971 (Kratochwil, , 1977 Kratochwil and Schwartz, 1976; Heuberger et al., 1982; Wasner et al., 1983) . Culture of reciprocal recombinations of mammary epithelium and mesenchyme of wild-type and Tfm embryos in the presence of androgen have revealed that the mesenchyme responds to androgen/testosterone by condensation leading to the destruction of the mammary epithelium (Kratochwil and Schwartz, 1976; Drews, 1977) . The disappearance of the mammary epithelium in the stalk region is mediated by apoptosis of the stalk cells .
Placode number, position, and identity
We have already mentioned that it is still unclear what defines the exact, reproducible position of the mammary placodes along the mammary line. Neither do we know why there is such a variety in number and position of mammary glands among the various mammalian species. With respect to the number of glands, Aristotle postulated that teat number is related to litter size. Diamond described how Gilbert confirmed this by analyzing the teat number and litter size of 266 rodent species. Gilbert found that the average ratio between average litter size and teat number is 0.53 ∫ 0.01. Moreover the ratio between maximum litter size and teat number is 0.92 ∫ 0.02 (Diamond, 1987) . This suggests that each species has two teats per suckling in an average litter size, and one teat for each suckling in a maximal litter size. How the number of teats or glands is established during evolution is not clear. In this respect, Gilbert suggested that litter size is not driving teat number, as within a few generations, it is feasible to select rodents for increased litter size but not for increased teat number (Diamond, 1987) . However, this may be specific for rodents, and the extrapolation of results obtained in so few generations to the relevance for evolution may not be justified, as pigs have a genetic component for increased teat number and can therefore be selected (Drickamer et al., 1999; Hirooka et al., 2001) . Interestingly, mammals with small litter sizes still develop a mammary line along the entire flank of each side of the body, but develop only one or a few pairs of mammary glands, with a preference for either a thoracic or an inguinal position, and no glands in between. For example, humans have one pair of mammary glands at the pectoral region, while goats have one pair placed inguinally. Many variations exist between these extremes, with several pairs placed thoracically (some primates), several pairs placed inguinally (cows), or many pairs placed all along the flank (pigs). Notably, the pairs are invariably located ventrally, and lateral to the midline (see http://classes.aces.uiuc.edu/AnSci308/ anatomy.html).
In sporadic cases, humans develop supernumerary glands along the mammary line, even in the inguinal region (Grossl, 2000; Boivin et al., 2001 ). This suggests that the mammary lines are essentially able to form more than one pair of glands, but in general they form no more than needed. Conversely, this suggests that some regions of the mammary line are more susceptible to loss of placode-inducing activity than other regions. A few studies that focused on aberrant mammary gland number in mouse may provide support for this latter hypothesis. In the first, Little and McDonald described several deviations of the normal number of ten mammary glands in various inbred mouse strains (Little and McDonald, 1945) . By examining several hundreds of mice at postnatal day 10 in each of nine strains, they observed gland deficiencies in eight strains, and supernumerary glands in only three strains. Deficiencies had a prevalence of 0.3 -7.5 % (3.6 ∫ 3) among those eight strains, while the supernumeraries were observed in 0.1 %, 0.3 % and 9.0 % of the respective strains (Table 1) .
Deficiencies were most commonly found in the thoracic region, and far more often for gland pairs 3. Absent number 3 glands were found as a single deficiency in three strains, or combined with one or several other pairs in the other strains. Unilateral deficiencies were also noted, again most often for gland 3. If more than one unilateral deficiency was observed, these were always located at the same flank, most often the left one, and involved always two adjacent glands, suggesting the involvement of morphogenetic factors that act in a linear fashion. Such a linear mode of action is exerted by Hoxc6 during postnatal morphogenesis of the mammary gland (Garcia-Gasca and Spyropoulos, 2000) .
The most frequently observed loss was that of gland 3 (Table 1) , which suggests that this region is most likely to fall below a developmental threshold. Strikingly, this region can also give rise to supernumerary glands (found only unilaterally in this study) (Little and McDonald, 1945) . The low frequency of abnormalities and the variability of the phenotype within each strain (in one strain as extreme as the deficiency or addition of the same gland) give little reason to assume inheritance of the abnormality.
A more recent study in an additional inbred mouse strain identified an autosomal recessive locus, ska (scaramanga), and revealed similar variability in mammary Little and McDonald (1945) and Howard and Gusterson (2000b) .
gland number (Howard and Gusterson, 2000a) . The ska locus is associated with abnormal mammary gland numbers in 95 % of the animal population. Most frequently, absent or mispositioned number 3 glands are observed, or supernumerary glands displaced dorsally from the number 4 gland. Occasionally, a supernumerary gland was found above or below gland 3. Variable phenotypes were observed among littermates, independent of the maternal phenotype, again giving no evidence for inheritance of the abnormality. As far as the deficiencies in the above-mentioned studies are concerned, it is not clear whether the absence of teats and glands is due to a lack of induction in the embryonic phase of development, or a regression later on. Contrarily to gland deficiencies, the mislocalization or supernumerary gland formation can be considered as a placode induction phenotype. The prevalence of mislocalized, supernumerary, or absence of the same gland within one strain, suggest that also the deficiencies are due to an induction defect. The fact that the thoracic placode pairs are more susceptible than others to such aberrancies, strongly suggests that the process of localization of mammary rudiment induction involves morphogenetic factors of distinct identity for the thoracic region. Given that individual animals within an inbred strain can be considered genetically identical, and that the phenotypes vary considerably within each strain, morphogenetic factors most likely interact with epigenetic mechanisms to reach a critical stage of activity in a very restricted area. This is certainly illustrated in the Ska strain, where a daughter of a mother with a mammary deficiency can develop a supernumerary mammary gland (Howard and Gusterson, 2000a, b) . Although it still remains elusive why a disregulation of such morphogenetic interactions during mammogenesis results seemingly randomly in either a deficient or a supernumerary mammary gland as seen in these mice, we can conclude that the regulation of those morphogenetic interactions seems more critical for the area of placode 3 than for the other placode areas. This may resemble cases of hypodontia in human, which are most common in the lateral incisors, premolars, and wisdom teeth, as the regions for these teeth may more easily fall below a developmental threshold (Thesleff et al., 1995) . Interestingly, placodes 3 are the first to be induced, and apparently the other placodes can develop normally when the formation of placode 3 is disturbed.
We have recently generated the first evidence that the mammary placodes do not all require the same sets of genes for their induction along the presumptive milk line. The loss of FGF10 of FGFR2b leads to the lack of induction for all placodes, except pair 4. Placodes 4 develop normally until about E16 in the absence of FGF10, but undergo apoptosis at bud stage when all signaling through FGFR2b is ablated (Mailleux et al., 2002) . Interestingly, with variable penetration, all buds in Lef1 -/ -embryos arrest in bud stage and subsequently regress, but both pairs of inguinal buds, in particular buds 4, are most resistant to this regression (K. Kratochwil, personal communication, May 2002) . In addition, with some strain-dependent variation, both inguinal bud pairs or only pair 5 do not subside during sexual differentiation of the embryo. Thus, although we cannot exclude the possibility that the variability between placodes in response to the loss of gene function is determined by interference of epigenetic influences, genetic factors do underlie a distinct identity for at least the inguinal placodes, in particular placode pair 4. As placode 3 is normally the first to appear, we can additionally conclude from these studies that the induction of placode 4 occurs independently of that of placode 3.
In conclusion, 1) the apparent independence of placodes 1 from the mammary lines for their induction; 2) the higher susceptibility of the region of placodes 3 for mislocalization, supernumerary placode induction, and possibly failure of placode induction; as well as 3) the relative resistance of placodes 4 for loss of gene function, lead us to consider a unique identity for each mammary rudiment. Different molecular mechanisms, interacting with epigenetic factors, may orchestrate the induction and further development of what appear to be such similar structures of the mammary rudiments. For future investigations in the field, such a unique molecular identity of each mammary rudiment should be of critical concern.
